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4+ Higgs Boson Knowledge DS

July 2012: LHC discovery of a new boson with mass 125 GeV
in 4 lepton and vyy final states, consistent with the SM

Higgs
3.10 (global) significance in bb final states at the Tevatron

Higgs programs are now about measuring the boson’s
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2 Properties of the new boson - mass [3E3

e Mass measurements are from the LHC
— CMS: 125.7 £0.3 (stat) £ 0.3 (syst) GeV
— ATLAS: 125.5 £ 0.2 (stat) £ 0.6 (syst) GeV
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4 Properties - cross sections

* Measure cross sections and branching fractions using
appropriate sub-channels

e Consistent with SM
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Properties - couplings B %)

het

* Fix mass at 125 GeV; perform best fit of all x-secs/
branching fractions

* Scale all fermion couplings by k; and all boson
couplings by K,
— Need to preserve unitarity in branching fractions

* Also compare K, and K, (custodial sym.) \

2

Some examples: rbgarcE’ rn XK, p B.s
_ iV
FWWOCRzK‘z,, R=xy, /K, Bi - B.s
- ) J7
4, XK, J

I, (095k; +0.05k,)
I, o (1.28k, -0.28k,)’

18 Jul 2013
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* Measure cross sections and branching
fractions using appropriate sub-channels

* Couplings and expected decay modes
consistent with a standard model Higgs

Properties - couplings

boson within uncertainties
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Spin and Parity Introduction

SM predicts a spin J and parity P combination J? = 0*

Other possibilities are 2* (graviton-like couplings)
and O (a pseudoscalar)

Spin 1 ruled out via decay to two photons (Landau-
Yang Theorem)
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 Measurements use bosonic decay

modes, take advantage of angular
correlations and kinematics of Higgs

decay products

* All measurements consistent with JP = 0*
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2=  Higgs Spin and Parity at the LHC |33

JP # 0% excluded at 99.9% C.L. (ATLAS 2*) and 99.8% C.L. (CMS 0°)
* No measurements using fermionic final states yet

* We need a consistent picture in ALL expected Higgs decay modes

— The Tevatron has a unique opportunity to study Higgs spin and parity in the
bb decay mode
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4+ The Tevatron

 1.96 TeV pp collider

* Integrated Luminosities

up to 10 fb1/exp.

= V$=1.96 TeV

off il

Run Il Integrated Luminosity

| 19 April 2002 -30 September 2011 |

20— (TTT 1] [
10.7 fb on tape /]
1.0 4 —  —Dpeli —
Delivered ‘[1 1.9 P
400 JAbout 90% efficiency _ Va
- —Recorded y ”.

a0 +Peak luminosity ~4.4E32 7 /]

-u oty :Z /l/‘ Y ..._._'.'-
) G 1 A/ L1 ‘-"- = -
2o T Main Injector
£56.0 s =
g V :
£, A/ & Recycler
3 | Run b -3

4.0 > e

I R T —
30 Run lla L .
< 1
20 /74
=
1.0
0.0
4 iy g o g Vg oy o Y O o % 4 T L

13 Sep 2013

11



2& Tevatron-LHC Complementarity &S

Tevatron contributes to property measurements,
especially in fermionic decay modes

Tevatron
Vs=1.96 TeV

-
o
w

Tev, LHC

¥/
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-
o
N
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|
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Tevatron main modes: VH—V bb, H — WW*
LHC main modes: H — yy, H—»Z2Z, H-WW*
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2= Higgs Analyses at the Tevatron [JEJ

* Analyses divided into “Low-
mass” and “High-mass”
based on production and
decay mode

* Low-mass: associated
production VH — VVbb

 High-mass: H—=WW decays
(mostly gg prod.; also VH,
VBF)

* Also contributions in
secondary (tT, yy) channels

More details in the Mar. 22

b)

W&C by Lidija Zivkovic
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e Combine all search channels from

DO and CDF

— 17 distinct analyses, over 100
subchannels (WW, ZZ, T, vy decays)

— Good agreement over many orders

of magnitude

* Bayesian and CL, methods
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Tevatron Combination

Combine all search channels from
DO and CDF

— 17 distinct analyses, over 100
subchannels (WW, ZZ, T, vy decays)

— Good agreement over many orders
of magnitude

Bayesian and CL, methods
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2= Tevatron Higgs Through the Years €3
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4 VH— Vbb Analyses DS

e ZH - llbb —2 leptons + 2 b-jets
oFully reconstructed final state

o Modeling of the Z+jets background;
rejection of the tt background

e WH - Ivbb —1 lepton + MET + 2 b-jets
o Dominant backgrounds: W+jets, top
o Multijet backgrounds challenging

e ZH - vwbb —MET + 2 b-jets
(contribution from WH also)

o Accurately model and reject multijet

H.

q
13 Sep 2013 ZH — VVbb

background

b
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2= Keys to Success in bb Searches [EJ

Displaced Tracks

* b-tagging
Jet
— Pick out events with b-jets using tagger N |
iIsplace a
— Improve s/b ratios from ~1/7000 to
Nl/ 200 Decay lifetime
. . . L"X/ // | vertex
* Multivariate techniques ———
. . . ' <l Decay
— Discriminate against single backgrounds 2 Vertex
or against all < \
— Multiple MVA techniques per analysis Primary Collision

ZH —)Wbb anaIyS|s sample (medlum btag
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0.6 300F =
0.4 200F =
0.2 100 =
01 08 -06 -04 02 0 02 04 06 08 1 1 0.8 -06 -04-02 0 02 04 06 08 1

Multijet DT Final Discriminant
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2= WH—lvbb Search D

* Large WH+jets background

e Also contributions from multijet background
— Develop specialized decision tree to reject multijet events

V(—Iv)+2 jets, pretag V(—lv)+2 jets, pretag
60000 " D@, 9.7 fb™ —+ Data g 30000~ pg, 9.7 fb-! + Data
- A" . - vV
o 50000 (@) Top S 25000 (@) Top
O : ) i
¢ 40000 - Veht £ 20000} Viht
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u>J 20000 - M,=125 GeV 10000 o = M,=125 GeV
10000 |- ,,w****** *** 5000 m"""‘"““*ww*"/’*j.lﬂ
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2% ZH—lIbb Search DES

e Can derive MC normalizations from Z

peak; reduces luminosity uncertainty 7 20E®mm, DG.97 1"
« 180 FPretag ° Daa - —Z+LE
. “ 160 F Z+bb Z+ce
* Fully Reconstructed Final State S 10 i, MDies
— Able to use “kinematic fit” to correct physics E Hg)g%
objects to improve mass resolution 0 ot -
. . . . 070 75 80 85 90 95 100 105 110
* Recover inefficiency with secondary Dimuon mass [GeV]
channels where second lepton is not
identified (mu+track, e+ICR electron)
E L4001 o D@, 9.7 b é | 2| Pretag, ZHMC D@
N 1200 :_Pretag 7+LF Z\, 16 §_+ Pre-kinematic fit -
< 1000 Z+bb S 14LC L e
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ZH—vvbb Search DS

* Challenging multijet background

e Use variables such as MET significance (S) for
discrimination; develop decision tree to reject
multijet backgrounds

* Use sideband regions for electroweak and multijet
background estimation

het

x10° ZH—-Wbb analysis sample (pre b—tag) x10°2 ZH—wWbb EW control sample (pre b-tag)
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2% H—bb Search Validation D&

e WZ and ZZ (with Z—bb): same final states as WH/ZH

— 4-5 times larger cross section

« Remove WZ and ZZ from SM backgrounds, treat them as a
potential signal, WW is a background

— Do NOT change basic selection criteria from the WH/ZH analyses

 Perform WZ+ZZ (VZ) cross section measurement (also
done by CDF)

* Also evaluates quality of background modeling

S S
' A ] .
N N
: * b : 20" b
antiproton antiproton
: 5 : —

8/22/2012 23
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2% Benchmark results e

N = | .ﬂ 1
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Multivariate output

M, =91.1 GeV

DO measured VZ cross section: (0.73 £ 0.32) x SM prediction of 4.4 pb

3.4 o expected sensitivity
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4 VH—Vbb @ LHC status

 Higgs decay to bb not yet observed

e Hints consistent with SM

)]

" ‘CMS Preliminary
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CMS: o(VH) =1.0%0.5 (stat. + syst.) x SM (2.1 o signif.)
ATLAS: o(VH) = 0.2 £ 0.5 (stat.) + 0.4 (syst.) x SM
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Tevatron VH—Vbb Results  1DED

het

(@] L o N -
-(_.3U 25 . Tevatron Run “, Lmt <10 .I:b'1 - LLRb +1s.d. g 600 [ Tg;\//la‘:l’lonb%un ”’tl)__int f 10 fb1 ; Measured
o0 - _ . . . a — compination +1s.d.
g 20 |~ SM H—=bb Combination L ttgb =2s.d. '{1\3 500 = Predicted [ ] =2s.d.
o) K o Tb = --= o, x 1.5 (m, =125 GeV/c?)
< 15 P == 0,x1.0(m =125 GeV/c) ___ LLR @ 5
D L H 5 s+b == oy x 1.0 (m,=125 GeV/c")
e F —— ., x 1.5 (m =125 GeV/c?) 400
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7 10 o
8 * 300
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m,, (GeV/c?) my, (GeV/c?)

Measured (0y,,+0,)xB(H—bb): 0.19 + 0.09 pb

SM prediction: 0.12 £ 0.01 pb
0/og,=1.6+£0.7
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4 DO VH—Vbb Results D&

* 3 Analyses: WH->lvbb, ZH->lIbb, ZH->vvbb

* |Inputs to final DO Higgs combination; excess
compatible with SM Higgs
+1.24

* Best fit H->bb cross section: 1.23 ; ;;, x SM

DO, L  <9.7fb"
int

o -
= 14 — -1 [ LLR, £1s.d.
T 12 o0, L, <9.7 o - LLR: 2 s.d. M, = 125 GeV
o [ SMH-bb Combination --:LLR, B 7] Combined (68%)
g 10 =esLLR, u -m- Single Channel
= gF — MR
2 6L Combined |-
0
> 4 H—yy
= 2 H— W'W
0 ~ H— t*t |
) S PETNURET L _
H— bb
-4 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
90 100 110 120 130 140 150 0
M, (GeV)
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2= Spin and Parity at the Tevatron 33

* LHC uses decay product and angular information in
bosonic decays (mostly gg + VBF production modes)

* |n associated production, production processes are
different depending on J® assighment
— For O0*, production is S-wave; cross section ~[5 near threshold
— For 0, production is P-wave; cross section ~f3° near threshold
— For 2%, D-wave contribution dominate for graviton-like couplings;

cross section ™

* Thus at the Tevatron we expect the kinematic differences
to come from different behaviors at the production
threshold

Details in
Miller, Choi, Eberle, Muhlleitner, and Zerwas, PLB 505, 149 (2001)

/3 — 2[? / \/E Ellis, Hwang, Sanz, You, JHEP 1211, 134 (2012)
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Visible mass of Vbb system very
sensitive to J? assignment, good
separation with backgrounds for 2+

and 0- as well

DO Cuts
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....... 2+
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(3 1507
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Testing Spin and Parity
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Testing Spin and Parity

S
M

180

Visible mass of Vbb system very ek — 07
sensitive to J? assignment, good L
separation with backgrounds for 2+ ¢ ™
and 0- as well 5 N

Today’s results only cover O* vs. 2+
0" vs. O* studies are ongoing

plots from Ellis, Hwan
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4 Generating signals

* Generate 2* signhal with MADGRAPHS5; interfaced to
PYTHIA for showering

— Use RS graviton model, initial normalization to SM o x Br
— Note: no generic Spin-2 model
— Only considering VH processes (no e.g. gg or VBF)

e MADGRAPH 0* VH checked against PYTHIA VH; good
agreement

* Observe similar separation to that predicted

ZH—vvbb L WH—Ivbb . ZH—llbb
u - S L. 5 r -
0.25- - §14 312
C O+ O_ 2 §127 e O+ O_ 2 E 1: - O+ O- 2
02 .- T Fr .. = - ..
: DO Preliminary | & DO Preliminary | * © DO Preliminary
045 h 58 . +° . “F -
- PG - - 0.6/
01— - - 6 -~ o - o L
e - E . e nahd 0.4
0.05- - . - e - N
, R _._++ +:;-pﬁ , :3__.__ - —o—+ . - 0.2 :_ .
0:_.‘ . _\._:3 T .—T_‘.-._._.‘T-;:‘:‘ﬁ‘ﬁi ‘‘‘‘‘‘‘‘‘‘ o ™ T -e- e, 0;«;(“
0 100 200 300 400 500 600 700 800 900 1000 % 100 200 300 400 500 600 700 800 900 Jqoo 0
V+X'm; V+X'm; V+X mass
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Visible Mass in VH Channels

ZH-vvbb, TT
2350~ D@ Preliminary, 9.5 fb”
0 - * Data
w 300~ Il Multijet
i Vi
250:— + V+hf
. f,
g [J0* Signal
1505 ) t 12" Signal
1 00;_ ; (Signals x20)
s50- [T

%
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WH-lvbb, 2TT

Events
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(8,]
£

200
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I

100}
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%

@ Preliminary, 9.7 fb™

$

-
100 200 300 400 500 600
MY®® (GeV)

* Data_
I Multijet
V+if
\{+hf

it
Misingle t
\'A'/
[J0" Signal
|2* Signal
(Signals x20)

te ¢

P it 1

Events

80F
70
60
50F
40;
30
20

ZH-lIbb, DT

10/

w . =N

O(i 100 200 300 400 500 600

D@ Preliminary, 9.7 fb™
( e Data

Il Multijet
V+lIf
V+hf

+ tt
\'A"

[J0* Signal

12" Signal

+ (Signals x10)

llbb Mass (GeV)

Tightest b-tag sub-channel shown (upper edge bins combined due to statistics)
Good separation between different signals
Can we do better on the backgrounds?
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Additional Discrimination

* Take advantage of known mass
— vvbb, lIbb: create High/Low Purity (HP/LP) regions using M,

* |vbb uses MVA output to make HP/LP regions

e Separate channels in statistical analysis

) ZH—vvbb, TT
2 220 @ Preliminary, 9.5 fb™
o 200 » Data
W 180F B Multijet
160 V+if
140- + v+t
- tt
1201 mvv
100" 1 [Jo" Signal
80L |3 []2" Signal
602— " (Signals x10)
40+ +¢
20F |t ',
OZ”,_U-, L et | e
0 100 200 300 400
Dijet Mass (GeV)
13Sep2013  LP HP LP

300
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250
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150

100

WH—lvbb, 2T

DO Preliminary, 9.7 fb™

e Data
Il Multijet
V+If
\{+hf

-gingle t
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Tightest High Purity b-tag channel per analysis shown

13 Sep 2013

34



L,
4 Results w

* Use CL, to quantify model preference, log-likelihood ratio (LLR) as
test statistic

— H1: 2* signal + Background LLR=-2 10g(L(H1) / L(HO))

— HO: 0* signal + Background

 Compute for 2 different signal scale factors p on SM o(VH) X Br(bb)
— 1.00 (SM)
— 1.23 (DO measured rate)

* Allow systematic uncertainties to vary in pseudoexperiments (LHC
first fits signals to data for normalization, thereby constraining

systematics)
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Results

* Use CL, to quantify model preference, log-likelihood ratio (LLR) as

test statistic

— H1: 2* signal + Background

— HO: 0* signal + Background

 Compute for 2 different signal scale factors p on SM o(VH) X Br(bb)

— 1.00 (SM; shown)
— 1.23 (DO measured rate)

13 Sep 2013

Pseudoexperiments

DO Preliminary, 9.7 fb™

— 0" LLR

- 0* LLR 1o

- 1=1.00 0* LLR :20

- — 2*LLR

- — Observed LLR

- ) | L

-60 20 40 60
LLR

Clear preference for 0*

LLR =-2log(L(H1)/ L(HO))
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Results 2 X

het

* CLS=CLH1/CLH0 Combined Result in s.d.
* CL=P(LLR 2 LLR5s | x) Result

* Interpret 1-CL as C.L. | 0o ol Uil Glss
for exclusion of 2% in
favor of O*

 Exclude 2* model 1 - CL, Exp. (u=1.23) 0.9999
at>99.2% C.L.

* Expected exclusion is
3.2 s.d. (u=1.0)

* Competitive with LHC
single-channel
measurements

1 - CL, Obs. (u=1.00) 0.9922

1-CL, Obs. (u=1.23) 0.9988

http://www-d0.fnal.gov/Run2Physics/ WWW/results/prelim/HIGGS/H138/
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2% Signal Admixtures

* Allow possibility of both a 2* and 0* signal in data
— Vary 2* fraction f,, from O to 1
— H1: u x (0*Br(->bb)),, x [2* x f,, + 0* x (1 —f,,)] + Background
— HO: u x (0*Br(->bb)).,, x 0* (i.e. pure 0*) + Background

* Fixuto1.00 or1.23, compute LLR, CLs, etc.

10 10

S [ DOPreliminary, L <9.7 " T OpservedllR | & £ g propiminary, L .7 " — Observed LLR
a0F- Y e 0 LLR
- e e 2*LLR | YR 2*LLR
30:_02 +0,=0p" x 1.0 [ 0* LLR +1 s.d. 30 Oy +0p =0y x 1.23 [ 0* LLR =1 s.d.
- [ ]0'LLR 2 s.d. [ ]0"LLR 2 s.d.
20— 20

-10 -10

-------
-----
.....
lllll
Tag,
Tag,
Tag,
a,
T,
LIPS
a,
"y,
yy,
"y,
"y,
LE ]
g

lllll
-----
l...
ay
"y,
l..
ay
......
LX ]
Ly}
"
"y
gy
Ly}
"y
b
*
'n
"
Ly
3

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

01 02 03 04 05 06 07 03 09 1 01 02 03 04 05 06 07 08 09 |1
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4 Signal Admixtures DE5

* Allow possibility of both a 2* and 0* signal in data
— Vary 2* fraction f,, from O to 1
— H1: u x (0*Br(->bb)),, x [2* x f,, + 0* x (1 —f,,)] + Background
— HO: u x (0*Br(->bb)).,, x 0* (i.e. pure 0*) + Background

* Fixuto1.00 or1.23, compute LLR, CLs, etc.

0 1.3 0 1.3
O [ DOPreliminary, L <9.7fb" = "CL, Observed | 4° " DO Preliminary, L <97 — -CL, Observed
- 12 7w 1-CL Expected | X 12 ™ .. 1-CL, Expected
1.1 3_02 + 0 —()'H x 1.0 [ ] Expected =1 s.d. 1.1 3_02 + 0y _OH %< 1.23 [I7] Expected =1 s.d.
- [ ] Expected +2 s.d. - [ ] Expected +2 s.d.
1 1
095 0.9F
0.8 0.8
0.7 0.70
0.6} 0.6
0555102 03 04 05 06 07 08 05 1 95071 02 03 04 050807 08 09 1
2* Fraction 2* Fraction
Exclude f,, >0.71 at 95% C.L. Exclude f,, >0.57 at 95% C.L.
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2% Signal Admixtures

* Allow possibility of both a 2* and 0* signal in data
— Vary 2* fraction f,, from O to 1
— H1: u x ((5°Br(->bb))s,\,I [2+ X f2+ + 0" x (1-f,,)] + Background
— HO: u x

* Fixutol
o 1.3 o 1.3
o - DO Preliminary, L <9.7 fb" 1-CL, Observed | - DO Preliminary, L <9.7 fp! — 1-CL, Observed
L 12 ™ 1-CL Expected | L 12 7 . 1-CL, Expected
11Oy + O =oM% 1.0 [ ] Expected =1 s.d. 1.1E-0 +0ps =oSMx 1.23 [ ] Expected =1 s.d.
= [ ] Expected +2 s.d. = [ ] Expected +2 s.d.
1 1
0.9 0.9F
0.8 0.8
0.7 0.7
0.6} 0.6
0.5557702 03 04 05 0.6 07 08 09 0.5%610.2 03 04 05 0.6 0.7 0.8 09 1
2* Fraction 2* Fraction
Exclude f,, >0.71 at 95% C.L. Exclude f,, >0.57 at 95% C.L.
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2% Summary

DO spin and parity tests (first in
bb final states) favor JP=0*;
reject JP=2* (graviton-like
couplings) at >99.2% C.L.

* A consistent Higgs boson
picture is forming; Tevatron
provides complementary info
in bb channels

— Cross sections, couplings, spin,
and parity all consistent with SM

Higgs
e Still to come: JP=0" tests
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Pseudoexperiments

= Iy P .
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4000 |-
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| I |
40 60
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[ ] Expected +2 s.d.
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